INTRODUCTION
Atrial function is an important parameter in cardiac hemodynamics contributing significantly to left ventricular (LV) function [1] . Combined two-dimensional and Doppler echocardiography is the most widely used modality to assess the contribution of atrial systole to ventricular filling; two other less utilized modalities include ultrafast computed tomography and radionuclide angiography [2] [3] [4] [5] .
Cardiac magnetic resonance imaging (CMR) is a relatively new and emerging imaging modality that can be used to assess left atrial function. Early CMR methods have used volume assessments via cine-CMR for the assessment of left atrial function [6] . Velocity-encoded magnetic resonance imaging (Ve-CMR) is a technique that can measure both the velocity and the quantity of blood flow through the mitral valve during diastole, and thus can be used to quantify left atrial function. Due to its excellent spatial resolution, Ve-CMR can measure the passive early diastolic flow and the contribution of atrial systole to both left and right ventricular diastolic filling in normal subjects [7] [8] [9] [10] .
Previous studies using Ve-CMR have assessed left atrial function in small populations with either valvular stenosis or normal hearts [8, 9] . This study is designed to assess this technique in a population of patients with a variety of indications for CMR, to determine the vari-ability of atrial function within this population, and to assess the clinical variables associated with left atrial function.
METHODS

Ethics Statement
At the time of the CMR study, written consent was obtained from all study participants and the institutional review board of Duke University Medical Center approved the study protocol. This study was in compliance with Health Insurance Portability and Accountability Act (HIPAA) guidelines.
Patients
The study group consisted of 39 prospectively enrolled patients. All patients were referred for a CMR study for the evaluation of myocardial viability, left ventricular systolic function assessment, or for an abnormal echocardiogram. Exclusion criteria were contraindications to CMR (e.g. size greater than the magnet bore, pregnancy, vascular clips, pacemakers, defibrillators, claustrophobia). All patients had a comprehensive history obtained at the time of their CMR study.
CMR
All scans were performed on a 1.5-Tesla scanner with a phased-array receiver coil (Siemens Sonata). Long-and short-axis scout images were used to determine the double-oblique long-and short-axis views.
Steady-state free-precession cine images were taken in three long-axis views, as well as in short-axis views of the entire left ventricle (slice thickness-6 mm; gap between slices-4 mm). Typical parameters used were: repetition time 3.0 ms; echo time 1.5 ms; flip angle 25˚; temporal resolution 35 ms/phase; in-plane resolution 1.7 × 1.4 mm.
A velocity-encoded gradient echo sequence was used to acquire in-plane phase-contrast and magnitude images in 2-chamber and 4-chamber long-axis views at the mitral annulus. Using these in-plane images as "scout images", through-plane images across the mitral valve were then taken (Figure 1) . Typical parameters were: FOV 320 mm; slice thickness 6 mm; flip angle 25˚; in-plane resolution 2.1 × 1.4 mm; temporal resolution 60 ms/ phase interpolated to 30 ms/phase; echo time 3.0 ms. Retrospective electrocardiogram gating was used. The typical VENC was between 80 and 120 cm/second.
Flow analysis was performed on the through-plane Ve-CMR phase-contrast and magnitude images acquired across the mitral valve. To determine blood flow and volume, region of interest (ROI) curves on the Ve-CMR phase-contrast images were drawn, with subsequent im- age analysis by commercial software (Argus, Siemens).
Left Atrial Function
Using the flow-time curve, the beginning and ending times of the E-wave (passive ventricular filling) and Awave (atrial contraction) were determined. The inflow volumes from passive ventricular filling and atrial contraction were calculated from the corresponding net flowtime curves (Figure 2 ). Left atrial function was defined as the atrial contraction volume divided by the total inflow volume.
Other Cardiac Parameters
Left ventricular wall thickness (anterior and posterior), end-diastolic diameter, and end-systolic diameter were measured from the mid-chamber cine short-axis view. Image analysis was done using commercial software (Argus, Siemens), with left ventricular ejection fraction being visually estimated by an experienced physician. PR interval and RR interval were calculated from the electrocardiogram. Because quantitative evaluation of mitral regurgitation is not reliable, for each patient, the degree of mitral regurgitation was evaluated qualitatively from the cine MR images [11] . A mitral regurgitation score was assigned for each patient according to the following table: None = 0, Trivial = 1, Mild = 2, Moderate = 3, Severe = 4.
Lengths and widths of the left atrium were measured in the two-chamber and four-chamber cine views (equivalent to the apical two-chamber and apical long-axis imaging planes on echocardiogr m, respectively). In addia Figure 2 . Determination of left atrial function from Ve-CMR flow data. The beginning and end times of the E-wave (passive ventricular filling) and A-wave (atrial contraction) were determined using the flow-time curve. Using these times, the inflow volume due to passive ventricular filling and atrial contraction was determined from the corresponding net flow-time curve.
tion, height was measured in the three-chamber cine view (equivalent to the parasternal long-axis on echocardiogram). Left atrial volume was calculated by modeling the left atrium as a prolate ellipsoid:
where V 1 = three-chamber view height, V 2 = fourchamber view width and V 3 = four-chamber view length [12] .
Statistical Analysis
Continuous data are stated as mean +/− standard deviation. Comparisons between groups were computed using 2-sample t-tests. Standard linear regression analysis was used to compare left atrial function and other cardiac parameters; all stated correlations are Pearson correlation coefficients. All statistical tests are two-tailed, with P < 0.05 considered statistically significant.
RESULTS
All patients had a complete CMR test. The mean age was 56 +/− 10 years, the study group was 46% female, and mean body mass index was 28. range in left atrial function was 0% -57%. Table 2 There were two patients with atrial fibrillation and one patient with complete heart block that were confirmed to have no atrial contraction and therefore zero left atrial function. Four additional patients had zero left atrial function despite having normal sinus rhythm on electrocardiogram and no history of arrhythmias. Of these four patients, none had severely reduced left ventricular ejection fraction. Three of these patients had diabetes, three had left ventricular hypertrophy, and two had history of hypertension. In addition, these patients had trivial or mild mitral regurgitation and normal PR intervals, except for one patient who had the longest PR interval (231 ms) of any patient in the study group. In addition, one patient reported a history of palpitations. The baseline characteristics and cardiac parameters of these four patients are listed in Table 3 .
DISCUSSION
The results of this study are consistent with previously reported results, including those using Ve-CMR, echocardiography, and invasive techniques ( Table 4) . However, our study group had a greater variability in atrial function than all of these prior studies. We postulate this to be due to the variety of clinical indications in our study group (referral population), compared to prior studies with either normal patients or patients with a specific pathology. Previous studies indicate a wide variability in left atrial function for patients with different disease states: for example, mean left atrial function in patients with severe mitral stenosis was found to be 9 +/− 5%, while mean left atrial function in patients with myocardial infarction to be 42 +/− 12% [13, 14] . Our study confirms that left atrial function can vary significantly within a clinical referral population. Matsuda (1983) found an association between left ventricular ejection fraction and left atrial work (defined as atrial contraction volume); this correlation was attributed to the Frank-Starling law operating in the left atrium [14] . We postulate that the Frank-Starling law can explain the correlation between left atrial function and left ventricular ejection fraction found in this study: increased left atrial function leads to increased left ventricular enddiastolic volume, which would lead to increased left ventricular contractility and thus increased left ventricular ejection fraction.
The inverse correlation between left atrial volume and left atrial function may be due to increased passive left ventricular filling: increased left atrial volume would create an increased pressure gradient between the left atrium and left ventricle, which would lead to increased passive ventricular filling (E-wave), thereby decreasing the calculated left atrial function. Similarly, increased mitral regurgitation would lead to increased left atrial volume, thereby increasing passive ventricular filling and thus decreasing left atrial function; it has been shown that increased mitral regurgitation is correlated with increased peak E-wave velocity [15] .
As detailed in the Results section, there were four patients that had zero left atrial function (absent A-wave) despite having normal sinus rhythm on ECG. Absent atrial function has been shown in patients with restrictive cardiomyopathy, such as amyloidosis [16] , and pericardial constriction [17] . However, given that three of these patients had a history of LVH, we believe that a restricttive physiology (i.e. left ventricular hypertrophy leads to decreased left ventricular compliance, leading to impaired active filling) most likely explains these patients' zero left atrial function. Alternatively, it is possible that these patients may have had atrial fibrillation but recently spontaneously converted back into normal sinus rhythm, as there can be a delay of up to several weeks for recovery of mechanical function after normal electrical function has been restored [18] . One patient did have a history of palpitations and therefore possibly had undiagnosed paroxysmal atrial fibrillation. Finally, one patient's atrial function may be explained by possible E/A fusion from a markedly prolonged PR interval.
Limitations to this study include the lack of correction for mitral valve annulus motion, which may lead to calculation errors [19] . In addition, this study had a relatively small sample size. However, to our knowledge, this study is larger than any previous study using Ve-CMR to examine atrial contribution to left ventricular filling. By successfully evaluating left atrial function for 39 patients referred to CMR for a multitude of clinical indications, we have demonstrated that Ve-CMR can evaluate left atrial function on a wide variety of patients.
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CONCLUSION
In this population of patients referred for a clinical CMR, there is a wide variability in left atrial function. Left atrial function is significantly associated with left ventricular ejection fraction, left atrial size, and mitral regurgitation.
